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I. ABSTRACT 
A study has been made of the effect of concentratio~ 
molecular weight, and nature of solvent on the viscosity 
of polyisobutylene solutions. 
Four polyisobutylene samples were fractionated and 
the middle fractions were refraotionated. Molecular 
weights ranged from about 104 to about 106 • Reduced 
viscosity ( '1. 8 /C U1.J) versus reduced concentration (C/C0 ) 
curves for the four samples in a good solvent, cyclohexane 
at 25°C, and in a Theta solvent, benzene at 24°C, were 
obtained. The cyolohexane solution curves lie between 
Baker n values of 2 and 3 while the steeper Theta solvent 
curves lie between -).and -o0, in general agreement with 
work on other polymer-solvent systems. 
An attempt was made to obtain a universal viscosity-
concentration correlation by plotting reduced viscosity 
versus a modified reduced concentration, C/C
0
oL. Data for 
polymer solutions where Baker n values were less than 3.5 
fit a single curve while data fo~ solutions with Baker n 
values greater than 3.5 1~ above the curve. 
A log-log plot of ~r versus CM0 •68 resulted in single 
curve for each polymer-solvent pair with an exponent of 
about 0.7 for the dependence of intrinsic viscosity on 
• molecula~ weight. An apparent molecular weight dependency 
was observed for polymer-solvent systems whose exponent 
;vas 0.6 or less. 
Huggins constants were calculated for all solutions, 
and in the good solvent cyclohe+ane the Huggins constant 
increased with decreasing molecular weight and~ increased 
with increasing molecular weight. 
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II. INTRODUCTION 
In the past twenty years the viscosity of dilute 
polymer solutions (i.e., where the solute molecules are 
far apart) has been investigated in great detail, both 
theoretically and experimentally. The viscosity charac-
teristics of suoh systems are well-understood. 
Only a few studies have been made of the effect o~ 
concentration on the viscosity of polymer solutions in 
the concentration range where the polymer molecules begin 
to overlap. This range of concentrations is important in 
pr actical applications suoh as dry spinning of fibers, 
I 
cross-graded automotive motor oils and in many industrial 
formulations where polymers are used to thicken solvent 
vehicles. Development of correlations for predicting 
viscosities in this concentration range from dilut e solu-
tion measurements (intrinsic viscosities) is needed. 
It was the purpose of this investigation to obtain 
accura te viscosity-concentration data in the dilute and 
in the moderately concentrated range in polyisobutylene 
solutions in order to co~relate these measurements and 
the literature data on other polymer-solvent systems with 
coneentration and intrinsic viscosity. The effects of 
the nature of the solvent and polymer molecular weight 
were studied along with the effect of concentration. 
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III. LITERATURE REVIEW 
The literature review of thie stu~ includes three 
subject~: (1) intrinsio viscosity, . (2) concentration 
effects, and (3) shear rate effect. 
Intrinsic Viscosity 
In 1930 Staudinger(!) first perceived the usefulness 
of solution viscosity as a measure of polymer molecul~ 
weight. He proposed that the polymer . molecular weight, M 
was proportional to the intrinsic viscosity (yt) where: 
('t J = lim Ylsp 
c~o c 
(1) 
where ~sp is the difference between solution and solvent 
viscosity divided by solvent viscosity, <Yl..s- Y( 0 )/tls' 
and C is concentration in mass/volume. 
It was later found that the well-known Mark-Houwink 
equation properly related intrinsic viscosity with mole-
cular weight z 
(Yl_) = K fiJ. (2) 
where K and a are constants for a given polymer-solvent 
system ov~r wide ranges of molecular weight. 
Intrinsic viscosity is a measure of the viscosity 
effect caused by adding a single polymer molecule to an 
infinitely dilute solution. Thus,·it is also a measure 
• 
of. the size of the polymer molecule since the relative 
viscosity is propo~tional to the volume of the solute as 
shown by Eins~ein's well-known equation for infinitely 
d:alute .solution • 
. In 1948~ - Kirkwood and .Riseman(2 ) described a theory 
._, 
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for the intrinsic viscosity of flexible linear macromole-
cules on the basis of the random coil model with hindered 
internal rotation. Account was taken of the hydrodynamic 
inhibited flow through the chain, and their result was 
that the intrinsic viscosity was dependent on the molecular 
weight of polymer. . 
. In an accompanying paper, Debye and Bueche(3) also 
studied the relation between intrinsic viscosity and mole-
cular weight. The polymer molecule was assumed to be fixed 
in the moving solvent and the motion of the solvent to be 
so slow that the equilibrium shape of the molecular ooil 
was not altered. The flow of solvent around the outermost 
segments of the coil was postulated to be similar to that 
around isolated spheres. Since the presence of th~se 
segments changes the flow around the next segments, their 
model took into account the fact that the inner segments 
are shielded by the outer segments against the full effects 
of the flow. Their result was a slightly different depen-
dence of intrinsic viscosity on molecular weight. 
Flo~( 4 ) and Fox and Flory~ 5 ) combined the theories 
of .Kuhn( 6 J ~ Debye and :Bueohe(3), and Kirkwood and Riseman( 2 ) 
with the following result: 
(3) 
The theory of Kirkwood and Riseman as.oorrected(7) 
•21 gives a limiting value of i. .= 2.87 x 10 , where (l't) is 
expressed in deciliters/gram, and r in centimeters. From 
experiments on models, Kuhn and Kuhn(S) obtained~= 3.4 x 
1021 in the limit of large M. Whatever the exact numerical 
value of~ may be, it should be the same for all polymers 
regardless of the solvent and temperature. Fo~ and Flor.y(5) 
calculated ~ average value of i:. = 2.1 x 1021 from data 
for dilute solutions -Of polyisobutylene. The same value 
5 
was obtai ned. from corresponding data for dilute solutions 
of polystyrene(g) and for several other polymers(lOa) . 
FrQm a treatment of · lo~ range intramolecular inter-
actions, Fox and Flor,y< 5 ,ll) also derived: 
c~...5 - ol} • ~ O.m 'fl ( 1 - 9/T ) Mi (4) 
where 
and v2 is the partial specific vol~ of the polymer, vl 
is the mola r volume of the solvent, lfl is an entropy of 
dilution f~ctor {equal to i aocording .to the simple lattice 
treatment ) , Q is the temperature at which the second virial 
coeff icient in the osmotic pressure - concentration eq~­
t ion vanishes for ~he given solvent-polymer p~ir (i.e., 
Theta temperature), Tis absolut e temperature, and~ is 
defined as the ratio .of the rQot-me~-square distance from 
beginning to end of the chain, (~)i, to. the average root-
mean-square distance between the ends of the chain under 
unperturbed conditions (i.e., at the Theta temperature), 
(~2 )-k . 
According to this equation, olin a good solvent should 
approach proportionality to M0 •1 in the high molecular 
weight range. As molecular weight decreases, or if a poor 
solve.nt is used, the dependence of ol.. on M must be approxi-
mated by a lower power of M. Hence the exponent "a" in 
the Mark-Houwink equation (Equation 2), as can be seen in 
the following equation: 
~ ( 5) 
_should var,y as M, raised to a power between 0.5 and 0.6 and 
6 
will be near the upper limit . in a gooa solvent if the ohain 
length is suffioiently large. 
In a ' Theta solvent, the chemical potential due to 
segment-solvent interactions is zero. Also Q is th~ temper-
ature where a polymer of infinite -l ~olecular weight would 
begin to precipitate • . 
In a poor solvent, the energy of interaction is 
unfavorable, and smaller configurations in which polymer-
polymer contacts occur more frequently are !avored(lOb). 
The polymer ~olecule in sol~tion is compact, and intrinsic 
viscosity is small because the pervaded volume is small. 
In a .good solvent (such as cyclohexane for polyiso-
butylene), the energy of interaction between a polymer 
segment and the adjacent solvent molecule exceeds the 
corr esponding energy of interaction betw~en the polymer-
po~~mer and solvent-solvent pairs. Thus, the polymer mole-
cule tenns to expand s~ as to reduce the frequency of 
contacts between . folymer segments and to increase polymer-
solvent contacts. lOb) Hence the ·pervaded volume of the 
polymer molecule in solution is iarge~' and intrinsic visco-
sity is high compared to that in a poor solvent. 
Concentration Effect 
In 1942, Huggins(12 •13) .derived an equation for the 
viscosity of dilute solutions of long-ohai~ molecules: 
fl.sp =( Yl.sp) ( 1 + k' ll ) 
c C / · sp 
C=--0 
(6) 
where k' is a characteristic of a given solute-solvent 
system supposedly independent of molecular weight. · At row 
concentrations (such as were assumed in the theoretical 
derivation) this relationship is equivalent to : 
'fL sp 
c = ~C=O (7) 
which can be rewritten with the aid of Equation (1) as: 
Yf.sp 
c. 
= ('1.) + k' (71.) 2 c (8) 
7 . 
Many polymer solutions have been found to observe this 
viscosity-concentration relationship at low concentration. 
Weissberg, Simha, Rothman (WSR)(l4) investigated 
concentration effects on the viscosities of solutions of 
three polystyrene fractions in three solvents of varying 
solvent power at two temperatures. Their data included 
relative viscosities which ranged from 1.03 to 43. Their 




= (YL) exp (k(l'l) C) (9) 
which had been previously applied to a large number of 
syste~s(l6 ). Their plots of log reduced specific viscosity, 
~sp/C, versus concentration showed a linear relation for 
the toluene (good solvent) data only in a particular 
concentration range (1 to 5 g/dl). However, polystyrene 
data in methyl ethyl ketone and in the mixed solvent (both 
poor solvents) were well represented by the Martin equation 
over the entire range examined. 
' ~ .... • • • • - ·- ':"1 
Another equation used to describe the effect of poly-
mer concentration on solution viscosity is the Baker equa-




where s is the product of intrinsic .viscosity and concen-
tration and n is the Baker constant, defined in terms of , 
Eq:uation (10) .• 
· From plots of ~s~s WSR found that n is slightly 
dependent on temperature and on molecular weight in good 
solvents and greatly dependent on temperature and on mole-
cular weight in very poor solvents. 
WSR also introduced a reduced concentration C/C0 for 
comparing the specific viscosities of the same solute 
under different conditions or different solutes in identi-
cal environments . Since the intrinsic viscosity is propor-
tional to the average dimensions .of the polymer molecule 
in an infinitely dilute solution, the average volume enclosed 
by a polymer molecule can be estimated by assuming a 
spherical shape~ In this treatment CQ is the concentration 
of the solution at the point where the polymer molecules 
just begin to overlap in hexagonal close packing if the . 
molecular volumes were the same as at infinite dilution. 
The WSR treatment was extended by Sifba and Zakin(l7,l8) 
who studied the compression of flexible chain molecules in 
solut ion. They found that polymer molecules contract as 
the concentration increases and concluded that the polymer 
molecules have less pervaded .volume in concentrated solu-
tion than in dilute solution. 
They also employed a reduced concentration based on 
.c
0
, but they redefined C0 in terms of intrinsic viscosity 
by using the Fox-Flor,y Equatio~ (3) expression. By ustng 
the root~mean-square radius of gyration, which is ~/6, as 




co = 1.08/('r\) (11) 
Simha and Zakin(lB,lg) studied the solution viscosities 
of. three linear flexible high polymers,.polystyrene, poly-
(methyl methacrylate) and the copolymer, in a common good 
solvent, toluene, and in their respective Theta solvents. 
For co~paring the relative positions of the experimental 
curves, they used $ family of reduced Baker equations. As 
n goes from 0 to~' the slopes increase monot.onically. 
Negative n values were found to give steeper curves, 
increasing in slope as n goes from -oo (coincident with +oe) 
to -1. 
From the results of the reduced visoosity-c9ncentration 
curves, they observ~d a systematic increase in slope with 
decreasing molecular weight in good solvent, but for mole-
cular weights above 105 this effect was small. The n 
values were betw~en 2 and 6. They also observed that the 
Huggins constant, k', i'ncreased with decreasing molecular 
weight , a re.atil t .. ·o·onflll"me:ci by McCormick( 20 ~. . 
For the same polymers in their respective The t a 
s olvent s, t hey found the reduced curves were s teeper than 
t hose in t he good solvents, and the n values were all 
negative. The lowest molecular weight fraction ha d the 
s teepest slope, and the s~opes decreased with increasing 
molecular weight up to high molecular weight. With further 
increase in molecular weight the s lopes increased a gain. 
The steepness of the curves for the highest mol ecular weight 
polymers in the Theta solvents was attributed to agglomer-
ation of the polYmer moleculgs since the Theta temperature 
. 
is onlY a few degrees above thei:r·.: prepipi tat ion·· point. : . . They 
also plotted reduced viscosity versus cpnoent~ation. for 
three polymers of approximately equal molecular weights 
in the Theta solvents. A ~~e ourve aooounts for all 
10 
polymers up to an ordinate value of about 2. 
In 1963, Utracki and Simha plotted 1s~c(~J versus C 
on a double logarithmic scale and empirically obtained a 
shift factor' r' for each molecular weight such that a 
plot of reduced viscosity versus C/t gave a master curve< 21 >. 
They reported that the effect of molecular weight onlwas 
correlated by the following relationships for polystyrene 
solutions: 
= K X M -0.64 in toluene at 30°C 
= K X M -0.471 in cyclohexane at 34°C 
= K' xM .-0.082 in toluene at 30°C 
= K' X M -0.024 in cyclohexane at 34°C 
where K and K' are constants. However, a reexamination 
of the slopes of the cyclohexane curves indicated that the 
high molecular weight polystyrene must have been eliminated 
from their analysis. 
They also showed that the -0.082 exponent for C0/( in 
toluene is consistent with a dependence of the Huggins 
constant k' on M-0 •082 • The k' variation with molecular 
weight observed by Zakin(l8 ) also appears to depend on 
molecular weight to about the -0.08 power. 
Johnson, et a1,< 22 ) studied the viscosities of several 
_concentrated polyisobutylene solutions. They investigated 
eight different samples of polyisobutylene whose·molecular 
weights were determined from intrinsic viscosity measure-
ments in diisobutylene and XYlene. Viscosity-concentration 
measurements were made in de·oalin, XYlene, and a mixture 
of 69.~ decalin and 30.1% oyolohexanol solutions, all at 
25°c. Their plots of log ~r ( ~ is the ratio of solution 
viscosity to solvent viscosity) versus ci had a slight 
downward curvature at high concentrations and an upward 
. . 
~u:rvature at low conce-ntrations with a nearlt· ·lili.e.ar-
11 
inflect ion re,c;ion between them. They also plotted log~ 
versus log M at three selected concentrations and obtained 
straight lines with slopes of 3.4. All of their data was 
represented by a single function when log~ was plotted 
against (CM0•68 )i. At relative viscositiesr greater than 
100, and (CM0•68 )* values above 18, all their polyisobuty-
lene d·ata were on the following line z 
logif. = -11.0 + 5 log CM0 •68 
r (12) 
Thus at tLese high values of CM0 •68 , they obtained a 3.4 
power molecular weight dependency which corresponds to the 
commonly observed 3.4 power dependency in polymer melts. 
In a subsequent paper< 23 ), it was shown that different 
lines were obtained for polysty~ene in decalin and in 
xylene. Thus, the single function obtained with the three 
polyisobutylene solutions was fortuitous, and in general 
each polymer-solvent ~ystem has a unique curve. 
Nakajima( 24) studied the entanglement of polymer 
• molecules in solutron by making viscosity measurements on 
a sample of polystyrene in five solvents. In the Newtonian 
range he was able to correlate relative viscosity with a 
function of the effective hydrodynamic volume. 
Shear Rate Effect 
It has been widely observed(lOc, 26 ) that many polymer-
solvent systems are subject to a dependency of viscosity 
on the rate of shear in the viscometer. The viscosity of 
polymer solutions is often divided into three regions: 
lower Newtonian, non-Newtonian, and upper Newtonian. In 
the Newtonian regions the visoosity of the polymer solu~ 
tion is independent of shear rate, but the viscosity in 
the non-Newtonian region is dependent on the shear rate. 
This dependence is not eliminated by extrapolatio~ to .. ·: 
i~inite..dilution. 
12 
Fox, Fox, and Flory studied the effect of shear rate 
on the viscosity of dilute polyisobutylene solutions( 25). 
They showed that the effect is largest for high molecular 
weight polymers in good solvents and that the correction 
is largest at the lowest concentration where the shear 
rate is highest. 
B.illmeyer (26 ) states that at an intrinsic viscosity 
below 5 dl/g the she~ rate effect is negligible. Flory(lOo) 
gives 4 dl /g as the same rule of thumb. Correction of 
visc 0sity for the non-Newtonian effect can be made by 
mea~ ~ements at several shear rates, followed by extrapo-
lat i on to zero~:· shear rate . 
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IV. EXPERIMENTAL 
Plan of Experimentation 
In this investigation viscosity-concentration data 
were obtained on four polyisobutylene samples in a good 
solvent, cyclohexane at 25°C, and a Theta solvent, benzene 
at 24°C. Concentrations were chosen in order to obtain 
data in the dilute and moderately concentrated ranges. 
Materials 
Polymer Samples. Four.samples.of.polyisobutylene . 
with molecular weights of 8.0 x 105 , 6.2 x 104, 4.0 x 104, 
and 6.4 x 103 determined by viscosity measurements were 
obtained from the Chevron Research Company. The last three 
samples had ratios of Mw/Mn ~ 2( 2?). Each sample was 
fractionated, and each middle fraction was refractionated. 
The middle fraction of refractionation was divided into 
two parts, one of which was dissolved in cyclohexane and 
the other in benzene. 
Solvents for Viscosity-Concentration Measurements. 
Cyclohexane (Mallinckrodt analytical reagent) was distilled 
over sodium wire and middle cuts were taken. Benzene 
(Fisher Certified reagent thiophene free) was used as 
receive~. Their physical properties are given in Table I. 
Solvents for Fractionation. Benzene was used as a 
poor solvent to,dissolve the polymer and acetone was used 
as non-solvent to precipitate the polymer from solution. 
Both solvents were commercial grade. 
Solvent 
Cyclohex~e 
at 25.00 C 
Benzene 0 at 24.00 C 
14 
Table I 
PHYSICAL PROPERTIES OF SOLVENTS 
Viscosity Density 
(centipoise) (28) (g/oo) ( 8 ) measured literature measured literature 2 
0.888 0.889 0.7734 0.7749 
0.605 0.611 0.8742 0.8745 
Apparatus 
Constant Temperature Bath. In this investigation two 
constant temperature baths were assembled. One held the 
temperature constant to within ~O.Ol°C for the viscosity-
concentration .measurements and is shown in figure 1. The 
other held the temperature constant to within !o.05°C for 
fractionation and is shown in figure 2. 
The bath for the viscosity-concentration measurements 
consisted of a p,yrex glass cylindrical jar 12 inches high 
and 15 inches in diameter. A miniature immersion impeller 
pump was used to circulate the water. The pump speed was 
controlled by a variable transformer. A 750-watt heater 
circled the bath inside the jar, and its voltage was 
controlled by a variable transformer. It was turned on and 
off by a rel~ circuit connected to a Jumo thermo-regulator. 
in the bath. A ·cooling coil through which tap water could 
be circulated was also mounted in the bath for controlling 
.at temperatures near or below room temperat~e. 
The bath .. for the fractionations consisted of a jar 
12 inches high and 12 i~hes in diameter, a propeller 
. . 
.. --:-- __ ..... 




CONSTANT TEMPERATURE BATH FOR FRACTIONAT ION 
Figure 2 
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stirrer, a mercury thermoregulator, and a 300 watt heater. 
Two t.1 1 ,.Tmometers were calibrated with an NBS thermo-
meter obtained from Dr. J. Kassner of the Physics Depart-
ment . The oalibrations are shown in Table II. T#l has a 
range fro~ 18°0 to 30°0 and T#2 has a range from 0°0 to 
100°0. Both oan be read to plus or minus 0.01°0. 
Table II 
CALIBRATION OF CONSTANT TEMPERATURE BATH THERMOMETERS 
NBS* T#l T#2 
oc · o c oc 
25 .00 25.09 25.00 
24.00 24.07 24.00 
* NBS calib0ated thermometer whose correction at 25.00°0 is -0.015 c. 
Viscometer and Supports. Two Cannon-Ubbelehde dilu-
tion viscometers( 29) were used in this investigation. Size 
50 with a 100 cc dilution bulb was used for measuring the 
viscosities of all polymer solutions. Size 100 with a 
100 cc dilution bulb was used to cheok shear rate effects 
in the oyclohexane solution of the highest molecular weight 
polymer. 
The visoometers were clamped to vertical 3/4-inch 
diameter rods by whioh they were supported _ ~n the bath. 
T~e olamps · were made of two pieces of 5/8-inch plexiglass 
~ 
sheet whioh were held- together by a sorew and nut. Both 
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pieces were 2! inches deep and 1 inch high with matched 
vertical semi-circular recesses to hold the rod and the 
wide diameter vertical tube of a viscometer. The rods 
were clamped to a vertical support bar using an extension 
clamp. 
The method of using the Cannon-Ubbelohde dilution 
viscometer was described by M. R. Cannon(30) and also 
has been checked at the National Bureau of Standards by 
Swindells, Hardy and Cottinton(3l). However, in this 
study it was modified in that positive pressure was applied 
to the fluid to raise the liquid into the efflux bulb in 
order to prevent any unnecessary evaporation of solvent. 
Because the solvents are very volatile, t~e closed 
system(32 ,33) shown in -figure 3 was used. 
Two viscometers were calibrated with standard oils 
and purified cyclohexane, and the results are given in 
Tables III to V. The standard oils, S-3 and S-20, were 
purchased from the Cannon Instrument Company using the new 
viscosity basis, 1.0038 centistokes for water at 68°F, 
and the viscosities listed in Tables III and IV were. det.er-
mined by Cannon. Analytical reagent cyclohexane was 
freshly distilled over sodium wire and a middle cut was 
taken. The values of the constants A and B were calculated 
by a least square analysis technique using l/t2 as the 
indepe-ndent variable (see Appendix II). . 
To minimize the kinetic energy correction, flow times 
in the polymer solution viscosity measurements were above 
or near 200 seconds. 
Timer. A Standard Electric Timer clock was used to 
measure the flow times. The clock used was model S-10 
~hich has 1/10-second graduations and counts up to 1000 
seconds and then begins again. The average error in the 
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CALIBRATION OF VISCOMETER S-50 
Reported Visoosity(34) 
oentistokgs 
at 25.00 C 
Average Efflux Time 








CALIBRATION OF VISCOMETER S-100 
Reported Viscosity(34) Average Efflux Time 









Capillary Capillary Efflux Bulb Viscometer 
Diameter Length Volume Constants 
mm mm cc A B 
+ 0.44-0.02 95 3.0 0.003807 2.610 
+ 0.63-0.02 95 3.0 0.01330 0.968 
21 
Weighing and Filtering Equipment. The equipment used 
for filtering, weighing and transferring solutions to the 
viscometers was designed to assure the complete absence 
of all forms of foreign matter such as dust particles from 
the sol~tions with a minimum loss of solvent. 
A weighing buret was used in conjunction with density 
measurements to get accurate measures of the volumes of 
solutions and to minimize evaporation of solvent. A weight 
difference method was used. All weighings were done on an 
+ analytical balace to -0.0001 grams. The-buret has·appro-
ximate graduations to a volume of 60 ml. 
No ·corrections were made for the buoyant effect of air 
as calculations (see Appendix I) showed the buoyancy 
oorreotions were of the order of 0.15% for these solvents. 
To assure that no particles of dust existed in the 
solution which would plug the capillary of the viscometer, 
all solutions were filtered with a medium porosity sintered 
glass filter before being added to the viscometer. Pressure 
was applied to the filtering solution by means of a squeeze 
bulb to increase the rate of filtering. 
Density Measurement Equipment. All density measure-
ments were made using a 5 ml LiSkin pycnometer. It was 
calibrated by Mr. I. C. Chang( 2 ) who determined the 
following relationship between volume and reading: 
V = 4.9995 + 0.0118 R (13) 
where V is volume in ml, and R is reading. 
EXPERIMENTAL PROCEDURE 
Fractionation ·of Polymer Samples. In order to get a 
more narrow distribution of molecular weight, each sample 
was fractionated and eaoh middle.fraction·was refractionated, 
as ~as been mentioned previously. 
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All fractionations were performed by partially preci-
pitatiny portions of the bulk polymer from dilute solu-
tion<35 • The polyisobutylene precipitations were made 
from 0.25% solution in benzene in a 3000 cc round bottom 
flask mounted in a constant temperature bath at 25°C. 
Acetone was added al.owly with stirring until a cloudy 
precipitate appeared. The bath and flask were heated 
until the solution became clear and then slowly cooled 
down with stirring to 25°C again. It was stirred at that 
temperature for one half hour. Then the flask was sealed 
and the precipitate allowed to sett.le for 16 hours to one 
week until the solution was clear. The temperature was 
kept constant to within =o.05°C. Then the preci~itate 
was redissolved in about 100 cc benzene. The resulting 
solution was filtered to remove foreign particles and dried 
over a hot plate at 40°C to 50°C until constant weight. 
The supernatant solution was returned to the flask and · 
more acetone was added to precipitate the next fraction. 
The second fraction was redissolved in 1500 co of 
benzene and reprecipitated into three fractions. The 
middle fractions were used as the samples for this inves-
tigation. 
The amounts, intrinsic viscosities, and estimated 
molecular . weights for the final fractions, designated as 
A, B, c, and D are listed in Table VI. Molecular weights 
were estimated from the equations(36 ) : 
for oyclohexane solutions at 30°C 
log M = 5.159 + 1.45 log(Yl_) (14) 




POLYMER FRACTIONS STUDIED 
Fraction A B c D 
- -
Molecular weight( 27) 
8.0x105 6. 2x1o4 4.0xl04 6. 4xlo3 of original sample 
Weight of original 
sample, g. 3.35 3.58 3. 95 6.96 
Weight of final 
sample, g. 1.97 2.08 2 . 49 3 . 09 
Intrinsic viscosity, dl/g 
Cyclohexane, 25.00°C 3.84:1- 0.539 0.536 0.193 
Benzene, 24 . 00°C 1.01 o.257 0.257 0.110 
Estimated molecular weight . 
Cyclohexane, 25.00°0 l . OlxlO~ 5.90xl04 5.84xl04 1.27xl04 
Benzene, 24.00°0 8. 88x1o5 5.76xl 04 5.74~104 1.05xl04 
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The const~ts in the equation given by Krigbaum and Flory 
for cyclohexane at 30°C are not sensitive to temperature(36). 
Thus the equation was used in this study to determine the 
molecular weights at 25°C in cyclohexane. Table VI shows 
reasonable agreement between the molecular weights deter-
mined in cyclohexane and_ those determined in benzene. 
Viscosity Measurements . The intrinsic viscosity and 
C0 of each polymer fraction in cyclohexane at 25°C and in the 
Theta solvent, benzene at 24°C were estimated from Chevron's 
molecular weight measurements< 26 ) on the unfractionated 
samples . It was desired to reach approximately equal C/C 
0 
values for each solvent. Therefore, higher absolute 
concentrations were needed in the Theta solvent, and a 
larger portion of each polymer sample was allocated to it. 
Solutions were prepared by weighing the approximate 
amo'Wlt of polymer in a tared dry small beaker and then 
adding 10 co of solvent to dissolve the sample . After the 
polymer was dissolved, the solution was transfered to a 
calibrated 25 m1 volumetric flask and the beaker was rinsed 
three times with fresh solvent. The beaker was then dried 
and weighed to check whether any polymer had been left in 
it . If so , corrections to the polymer weight were made. 
The solution was shaken vigorously and then the flask was 
put in the constant temperature bath which was held at the 
test temperature and allowed to stand overnight. Additional 
solvent was added to adjust the concentration to the fixed 
volume mark and the solutio~ was reshaken ~igorously • 
• ~11 the master solutions and dilution solvents added 
to the viscometer were first fil~ered through the medium 
porosity sintered gl~ss f i lter. The viscometer tubes were 
Q~pped at all times, either with aluminum foil hats or by 
keeping the entire sys~em closed. 
For the first viscosity run, 8-12 co of master solution 
was · _needed ... The flow time fo-P--each concentration was 
·' 
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ge~erally measured three times. The flow times for suc-
cessive runs were normally well within a range of ~0.1%. 
After three runs were made, the solution was diluted 
with a weighed amount of filtered solvent from the weight 
buret. The viscometer was then removed from the bath and 
shaken to mix the solution thoroughly. After ~eplaoing 
it~ the liquid was forced up into the efflux bulb and vent 
tube to wash down any residual concentrated solution. The 
diluted solution was allowed to reach the bath temperature 
by waiting 5 to 20 minutes before the efflux time was 
measured . The dilutions were repeated several times until 
the amount of solution in the viscometer prevented good 
mixing from taking place. This occurred at about 100 co 
and allowed about·a 10:1 dilution or a reduction in concen-
tration to about 1/10 that of the master solution. 
When the viscometer was full, the solution was emptied 
into a volumetric flask. The viscometer was rinsed three 
times with the solvent , then rerinsed twice with distilled 
acetone and dried by blowing filtered air through it. 
Density Measurements. Since the amount of master solu-
tion was limited, density measurements were not made on 
the test solutions. Because the density of polymer solution 
depends on concentration only·and is independent of the 
polymar molecular weight, a low molecular weight polyiso-
butylene was used to obtain a density-concentration curve 
whWnwas linear to 3 g/dl . Weighed samples were dissolved 
. . . 
in cyclohexane and in benzene to make several different 
concentration solutions in each solvent. Densities of 
these solutions and of each pure aolvent were measured 
using the Lipkin pycnometer . 




solu~ion and reweighed. After that it was placed in 
constant temperature bath at the test temperature where 
• 
solution volume reading was taken. The density of each 
I 
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solution was measured three times, and then averaged. The 
equations for the relationships of density and concentration 
are: 
for cyclohexane solution at 25°0 
p = 0.7734 + 0.0015 c (16) 
for benzene solution at 2~00 
f = 0.8741 + 0.0004 c (17) 
where f is density in grams/co, and C is concentration in 
~ams/dl. 
The densities of all solut\ons were obtained from 
Equations (16) and (17). 
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V. RESULTS 
In order to compare data on samples of different mole-
cular weights and in different solvents, the experimental 
results of this investigation are plotted in the reduced 
form of ~s~C(~ versus C/C0 , suggested by WSR in figures 
4, 5, and 6. The reduced Baker equation, Equation 10, is 
also plotted on the figures for several values of n to 
comp~re locations of the curves. 
~he viscosity versus concentration data obtained are 
listed in Table VIII to XV in Appendix V. Sample calcula-
tior.s are presented in Appendix IV. No corrections for 
shear rate were made since calculations (shown in Appendix 
III) showed that the correction was negligible for the most 
sensitive solution (the highest molecular weight in cycle-
hexane). 
The curves of the four samples in cyclohexane at 25°0 
are presented together in figure 4.- Figure 5 shows the 
curve of sample A alone. The four curves lie between Baker 
n values of 2 and 3. The curves of four samples in the 
Theta solvent, benzene at 24°C, are shown in figure 6. 
The curves are much steeper in the Theta solvent than in 
cyclohexane. The Baker n values range from -3 to -oo. 
The viscosity concentration data for all polyisobuty-
len~ samples in cyclohexane are also presented as a log-
log plot of 1 versus CM0•68 in figure 7. 
r 
The Huggins constant, k', was also calculated for the 
eight solutions •. The values are listed in Table VII along 
with confidence intervals. 
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• A-MN=l. 01x106 
• B-MW=5.90xl04 
o C-MW=5.84xl04 






RELATIVE VISCOSITY-CM0•68 CURVE FOR POLYISOBUTYLENE 
IN CYCLOHEXANE AT 25°0 
Figure 7 
Table VII 
SIDilldARY OF VISCOSITY DATA 
( ~) Initia l 95% confidence 
'L 95% confidence slope2 interval for Sample dl/g interval for(~] (dl/g) initial slope 
Polyisobutylene in Cyclohexa ne at 25.00° C 
A 3.84 0.01 4.46 0 .11 
B 0 . 540 0.009 0.0950 0 . 0124 
c 0.536 0.007 0 .1010 0 .0093 
D 0 .193 0.004 0 .1401 0~0012 
Polyisobutylene in Benzene at 24 . 00°C 







0 . 004 
0.002 
0 . 005 
0.0426 
0.0466 
0 . 00900 
0 . 0038 
0 . 0020 




0 . 351 
0 . 377 
90% confidence 
range for k ' -l(-
+0.009 
+0 .055 
+0 . 044 
+0 . 019 
-0. 009 
- 0 . 051 
- 0 . 039 
- 0.019 




+0 . 081 
+0 . 040 
+0 . 331 
- 0.074 
- 0 . 042 
- 0 . 282 
o(_ 
1 . 56 
1. 28 
1 . 28 
1.21 
*Confidence ranges for k ' were estimated by dividing the maximum value of the 
slope by the square of the minimum value of C~J~and by divid~e the minimum 
v a lue of the slope by the square of the maximum value of (1] • Maximum and 
minimum values were taken at the 95% confidence level (see Appendix IV) . The 
resulting confidence intervals for k' a re conservative at slightly above the 
90% confidence level(37) . VJ 1\) 
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VI. DISCUSSION 
Vi scos ity-Concentration Curve 
In cyclohexane at 25°C, a good solvent for polyiso-
butylene, the data shown in figures 4 and 5 fall in the 
region of Baker n values of 2 and 3 while in the Theta 
solvent, benzene at ~4°C (figure 6), the Baker n values 
are - 3 to -oo. Similar results were obtained for poly-
styreneS poly(methyl methacrylate) and copolymer by 
Zakin(l ,lg) in a good solvent, toluene at 30°0, and in 
the i r Theta s olvent s . 
~,he reduced concentration term plotted a s the abscissa 
in figures 4 to 6 is a measure of the fraction of the 
solution volume pervaded by the polymer molecules in solu-
.;ion. However, in the case of the poor solvent t he abso-
lute density or concentration of polymer molecules is 
great er at a given value of C/C0 than for a gooQ 30lvent 
und ~~~ molecules in the poor solvent are not compressed 
as concentrat ion rises to the same extent as in the good 
solvent . ~hus, even at low concent~ations where polymer 
·,· 
mole~ules just begi n to interact with each other , the 
avai lable volume in the poor solvent is more filled with 
polymer molecules and can not accommodate additional 
molecules as well as t he same polymer at the same C/C 0 
in a good solvent. Furthermore; more mole~ules are 
required to effect a given change in C/C0 in a poor sol-
vent because of the need to compensate for their smaller 
effective vol ume in dilute solution (which was used as a 
basis for caloulat'ion of C0 ) . 
A~ hifer ·concentrations . (d/~0~1) S.imha and Zakin(~7,l ,l9) have shown that the expansion factor, ~ 
approaches unity in good solvents which me&ns that the 
pervaded volumes are nearly the same ~n goo~ and poor 
-
solvents in these concentr ations . The net result is a 
34 
greater rise in reduced viscosity per unit increase in 
C/C 0 for poor solvents as observed in figures 4 and 6. 
0orrection of C
0 
in the good s.olvent for the decrease in 
pervaded polymer volume with increasing concentration can 
bring the poor solvent and good solvent curves closer 
together(lg)• However, these calculations require knowl-
edge of second and third virial coefficients in the osmotic 
pressure - concentration equation and were not attempted 
here. 
The curves for polyisobutylene in cyclohexane in 
figure 4 show that the higher molecular weight sample has 
the smallest slope and.the slopes increase as molecular 
weight decreases. This is in accordance with Zakin's (, 8) datu ~ for polystyrene, poly(methyl methacrylate) and 
copolymer in toluehe.at 30°C which showed increasing slopes 
with decreasing molecular weights. The steeper curves may 
be due to the higher absolute concentration at a given 
C/C
0 
value for the low molecular weight samples or to a 
·.rariation in the relationship between C0 and (YL) at low 
:nolecular weights as discussed by Simha and Zakin (l9}. 
In the case of the polyisobutylene Theta solvent data 
(figure 6), the slopes for the three lowest molecular 
weight samples are all close to that of the curve for 
Baker n = -.o. Howeve:::--, the high molecular weight sample 
has a much steeper curve. Similar results were observed 
by Zakin(lB) for polystyrene, poly(metbyl methacrylate) 
and.c~olymer in their Theta solvents. As noted earlier, 
the steepness of the curve for the high molecular weight 
samples in their ~heta solvents ~ be due to agglomeration 
of these lar~ polymer molecules in a solution whose tam-
/ 
perature was just a few degrees above their precipitation 
pcint(l8,19) • . 
Utracki and Simha(?l) determined tha~ the shift fac-
tor, o, for.polystyr~ne-~oluene data of Zakin had an aver-
age dependency on moleculaF weight to the -0.64 power, while 
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Equation (11) for C0 is dependent on molecular weight to 
the -0.72 power in this system. Thus, C0 times a correc-
tion term dependent on molecular weight to about the 0.08 
power should be directly proportional to Y. 
The expansion factor, o(, has about this molecular 
weight dependency in the polystyrene - toluene system. 
Therefore, reduced viscosity was plotted against C/C0~ 
for all of the data reported here and all of Zakin's 
toluene data in figure 8. The data fall into two groupe. 
A single curve appears to fit all of the polyisobutyl·ene 
in cyclohexane data, the copolymer in toluene data and all 
but the lowest molecular weight (1.5 x 104 ) polystyrene 
in toluene data with not one point deviating by more than 
5%. The low molecular weight polystyrene in toluene and 
the poly(metbyl methacrylate) in toluene data lie consider-
ably above this curve. These three samples had the highest 
Baker n values of those studied, the values varying from 
about 3.5 to 6. All of the other data had Baker n values 
between 2.5 and 3.5. 
No conclusiOns can be drawn from this empirical curve 
or fro~ the apparent criteria ~r deviation from it. 
Nevertheless, it appears that this curve can be used to 
predict viscosity ~ersus concentration for a number of 
polymers in good solvents over a wide range of molecular 
weights, if intrinsic viscosities and o<.. valu,es are known. 
Relative Viscosity-Concentration Curve 
The same plot used .by Jo~son8 Evans, Jordan, and F'erry ( 22 ), log 'lr versus log CM0 • 6 , · is shown in figure 7 
for the data of this stuqy. However, the concentrations 
here were below 7 g/dl and relative viscosities were below 
30: All the data lie on a single curve. From figure 6, 
it is apparent that the Theta solvent results for polyiso-
butylene w:tll not .. · be independent of molecular weight in 
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this type of plot. 
Since the intrinsic viscosity is roughly proportional 
to molecular weight to the 0.7 power for polyisobutylene 
in cyclohexane, the abscissa in the plot in figure 4, C/O 
0 
must be also roughly proportional to 0 times molecular 
weight to the 0.7 power through Equation(ll). The data · 
appear to fit a single curve in figure 7 better than any 
single curve which could be drawn in figure 4. However, 
it should be remembered that the ordinate in figure 4, 
lls/O[YlJ, which is the same as ("Y/.r - 1)/c(n), is far more · 
sensitive to viscosity chahges at low relative viscosities 
than Yl.r a:ton:e. Also the linear plot magnifies small per 
cent deviations in the ordinate which are not easily seen 
in figure 7. 
Similar plots are shown for polystyrene in· toluene, 
for polystyrene in methyl ethyl ketone, and for copolymer 
in toluene and poly(methyl methacrylate) in toluene in 
figures 9 to 11 respectively . All data were taken from 
WSR and Zakin (lB)· and the relative viscosities were all 
less than 100. In figure 9, the polystyrene in toluene 
data at 30°0 lie on a single curve. In figure 10, the data 
for polystyre~e in methyl ethyl ketone at 48.2°0 fall 
• reaso~ably well on a single curve, but the data for one 
sample at 30°0 lie above it. Methyl ethyl ketone is a 
poor solvent for polystyrene at 30°C, but is a better 
. 0 
solvent at 48.2 C. In figure 11, the copolymer in toluene 
at 30°c behaves like polyetyrene in toluene at 30°0. The 
data for two molecular weights lie on a single curve. 
,.. 
However , the data for two molecular weights of poly(methyl 
methacrylate ) in toluene at 30°0 are not fit as well by 
one curve. 
Thus, while the data for polystyrene in toluene, poly-
styrene in methyl ethyl ketone at 48.2°0 and copolymer in 
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weight, the results :for polystyrene ·in methyl ethyl ketone 
at 30°C and for poly(methyl methacrylate) in toluene show 
a molecular weight dependency. These solvents :for the 
last two polymers were "poorer11 than :for the other systems 
studied. The two systems had values of "a11 in the Mark-
Houwink equation o:f about 0.6 while all the other systems 
plotted had values o:f "a" o:f about 0.7. Thus, it appears 
that t~o log 1r versus log CM0•68 plot is independent o:f 
molecular weight :for polymer-scivent systems where "a" is 
near 0.68. This is not inconsistent with the mild mole~ 
oular weight ~ependency in the linear plots of~s~C{~ 
versus C/C 0 , since the ordinates in the latter are sensi~ 
tive to small per cent deviations which are not signi:fi~ 
cant in the log~ plots. However, it should be kept in 
mind that both the molecular weights and the "a" values 
in toluene :for poly(methyl methacrylate) and the copolymer 
were estimated :from data o:f Kapur(3B) a~d have not been 
checked independently. Therefore, in order to check the 
proposed criteria :for the general applicability o:f this 
type o:f correlation, more data for a polymer-solvent sys-
tem with an "a" value near 0.6 over a wide range o:f known 
molecular weights are needed. 
Anomalous Results at Low Concentration 
The ns~C data at very dilute concentrations deviate 
from the Huggins equation :for samples A and D in cyclohexane 
and E in benzene. An upward curvature was observed in all 
three cases. These points were not included in determining 
the.intercept, [~J, or the slopes given in Table VII. For 
the ~igh molecular weight in cyclohexane, sample A, the 
deviation occured at a very low concentration (C~0.05 
g/dl), while :for the low molecular weight Din cyclohexane 
the~ deviation occurred at ~0.5 g/d:L.. For;$:8.mple-;B in benze~ 
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it occurred at cz 0.55 g/dl. 
Spencer and Boyer< 39 ) observed that the upward curva-
ture for solutions of polystyrene in both good and poor 
solvents started at a critical ooncentr$ tion that they 
defined as the concentration where close packing of random 
coils having twice the measured diameter of the actual 
molecules in the actual solvents occurred. At this criti-
cal concentration the molecules ~n solution were able to 
disentangle themselves and also to expand. The critical 
concentration decreased as molecular weight increased . 
Claesson( 40) concluded from many accurate experiments 
that absorption of solute on the viscometer walls decreased 
the radius of the capillary and caused the anomalous change 
in shape of the ~s~C versus C curve at low concentrations. 
It .is also true that the efflux time of the solution 
at very low concentrations is very close to that of the 
solvent. Thus, a small error made in measuring the efflux 
time of the solution would cause a large error in· the 
calculation of 1[ /C. However," such an error should be sp 
random with both positive and negative deviations. Since 
the deviations obtained here were not random, the sugges~ 
_:t.i,on. of . Claesson is the probable cause ()f the deviations. 
Huggins Constant 
The Huggins constant, k ', is generally considered to 
be a constant for a homologous series of polymers(41). 
Fox and Flory( 5 ) found that k' is almost independent of 
molecular weight, but varied with the nature of the solvent 
for polyisobutylene solutions . For polyisobutylene in 
·cyclohexane at 20°C and 30°C, k' was about 0.36 for a mole-
o~ar weight of 1.46 x 106 • For polyisobutylene in benzene 
at 24°C it was about 0.5 for three samples ranging from 
0 6 ° 
1.80 X 10? to 1.88 X 10 • 
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The k' values obtained here have been given in Table 
VI I . For the four samples in cyclohexane, k' is slightly 
dependent on the molecular weight, ranging from 0.30 at a 
molecular weight of 1.01 x .106 to 0.38 at a molecular 
weight of about 1.27 x 104• This is in agreement with the 
results of Simha and Zakiri(lB,l9) and McCormick( 20) for 
polystyrene in toluene • . Spencer .and Boyer(39) stated that 
the slope of the ~s~C versus C curve is greater for a 
heterogeneous polymer than for a similar homogeneous polymer 
of the same intrinsic viscosity. This may explain why 
~ 
samples B and C have different k' values although they have 
the same intrinsic viscosity, and also may explain .the 
difference in the k' values of this study from those of 
Fox and Flory. Howe.ver, it is difficult to obtain accurate 
slope values and the confidence intervals of the k' values 
overlap so that the difference between samples B and C may 
not be significant. 
It should be noted that the k' values for the Theta 
solvent decrease with increasing molecular weight until 
the highest molecular weight where k' is very large. This 
type of behavior was observed in polystyrene in its Theta 
solvent by .Zakin(l8 ) and is consistent with the slopes of 
the reduced viscosity-reduced concentration curves. 
Expansion Factor· · 
The expansion factors,oL, in cyclohexane solutions are 
obtained from the intrinsic visoosit~es in the cyclohexane 
solutions divided by the intrinsic viscosities of the 
benzene (Theta) solu.t,ions. These results have also been 
shown in Table VII. The expansion factor decreased with 
decreasing molecular we·ight as predicted by Equation ( 4) , 




The slopes of the reduced viscosity, ns~C(~J, versus 
reduced concentration, C/C0 , curves for polyisobutylene 
samples in a Theta solvent are much steeper than those for 
the same polymers in a good solvent . Literature data 
confirm this conclusion for several other polymer-solvent 
systems. 
The Baker n values for polyisobutylene in a good 
solvent , cyclohexane at 25°C, are positive (2 to 3) while 
those for polyisobutylene in a Theta solvent , benzene at 
24°C, are negative ( -3 to -oo). 
The slopes of the curves for polyisobutylene in cycle-
hexane increase as molecular weight decreases. The slopes 
of t~e curves for low molecular weight (~6.0 x 104) poly-
isobutylene in a Theta solvent, benzene at 24°C, are close 
to that of the curve for n equal :!: ~ but the higher mole-
cular weight sample has a steeper curve, with n about -3. 
Plots of reduced viscosity versus modified reduced 
concer .. tration (C/C0 o<. ) for several .polymer-solvent pairs 
with n values between 2.5 and 3 .5 fit a single curve. 
This curve appears to be useful to predict viscosity . versus 
concentration data for any polymer in a good solvent (Baker 
n less than 3.5) if intrinsic viscosity and the expansion 
factor are known. 
Plots of log ~. versus log CM0•68 for several polymer-
solvent systems show no molecular weight dependency if the 
· polymer solvent pair has a value of "a." in the Mark-Houwink 
2quation of about 0.7. Similar plots for solutions whose 
"a" values are near 0 .6 or 0.5 show a molecular weight 
dependency. 
The Huggins oon~tant for polyisobutylene in the good 
solvent, cyclohexane, increases slightly as molecular 
weight decreases. 
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IX. APPENDIX I 
CALCULATION OF BUOYANT EFFECT OF AIR 
W = weight of container in vacuo . 
Wa = weight of air in the container 
Wl = w + 'Na = weight of empty contai.ner in the atmosphere 
WL = weight of solution in filled-up container 
W2 = WL + w 
f'a = density of air at average h~dity and room temperature 
(i = 0.0012 g/cc at 760 mm Hg. 
~ = density of solution 
V = volume of container 
W2 - Wl = WL·-- Wa = V ( f - ?a ) = weight of solution 
obtained 
WL = V f = true weight of s olution 
%error = WL ·- ( WL - Wa ) = 
WL 
Wa V fa fa 
WL= · v;<> · -f 
for cyclohexane f = 0 . 7734 g/oc 
0. 0012 f1l_ %error = =- 0 .16 ~ 
0.7734 
~or benzene f = 0. 87 42 g/ co 
....::..0..;... 0.;..;0;.;;;1-.2 at 
- = 0 .14 70 
0.8742 
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X. APPENDIX II 
CALIBRATION OF VISCOMETER CONSTANTS 
The equation used in determining viscosity is: 
')( = f = At - E/t (18) f 
•:here t is efflux time, sec. , Yl_ is viscosity, centipoises, 
y is kinematic viscosity, centistokes, A and E are constants. 
The equation can be written in the for~: 
y7 = A + ( -E/t~ ) 
t 
with V;t ancl l/t2 as the varibles. 
(18 t) 
If t~e efflux times of several fluids of known visco-
sity and density are measured the constants, A and E, can 
be estimated from a least square analysis of the data: 
Let Y;t = y, = x; then 
(19) 
_ .E = n l. x~y. - i Yi r._x,; 
n ~X~ - I'XA 2:X~ 
(20) 
For the calibration of Viscometer S-50: 
values of Y and t are shown in Table III 
for n = 3 ; l X; = 1.1663 x 10-5 ; 5..y~ = 1.1390 x: 10-2 
2 - -10 8 -8 ~X. = 1.1799 X 10 ; ~~;= 4.40 9 X 10 
.. 
A = 0.003807 . ; B = 2.610 
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XI. APPENDIX III 
CALCULATION OF SHEAR ·RATE IN VISCOMETER S-50 
The equation used for calculation of maximum shear 
rate is obtained from Fox,· F.ox ::and:rFi6~(25): 
(21) 
wher r is the radius of the capillary, 1 is t~e l~ngth of 
t he capillary, · .h is the distance betv.feen the upper and 
lower levels of the liquid in the viscometer , g is accl er-
Lt ior:. of gravity, pis the liquid density, and 
ln '1sp = (ln 1f.sp) 0 - ( tP /100) a (22) 




For sample A in cyclohexane in Viscometer S- 50: 
[11. ) = 3 • 84 dl/ g 
r = 0. 022 Om· 
h . ="! 
c = 0 . 0319 g/dl 
~r ~ = YLsoi = 1 . 0015 ep 
t=:= 0.7735 glee · 
(= 834 
~~c = 4.054 dl/g 
YJ. ' = 0.1294 S'!J 
<YL ·) = o . l31 
sp o (~s;;c) 0 = 4.105 dl/g 
M = 1.01 X 106 
g. = 980 cm/sec2 
~ - 3 
'1' = 1 . 6 X 10 
c = 1.1832 g/dl 
VJ 1 = Yl. 1 = 11 . 85 cp 'lr o so 
fJ= 0.7755 glee 
Y= 70. ~ ~~c -~ 10. 43 dl/g 
'J.sp = 12 . 35 
(Y{_sp)o = 12.37 
<~;;c) 0 = 10. 44 dl/g 
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From these two sample calculations, it is clear that 
the corrections are very small and the shear rate effect 
can be neglected. 
XII. APPENDIX IV 
SA~~LE CALCULATIONS FOR INTRINSIC VISCOSITY AND 
HUGG- '·TS CONSTANT 
Density of Dilute Solution: 
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p = Wt(undilut ed solution) + Wt( total solvent added) 
V(undiluted solution) + V(total solvent added) 
where Wt =weight, grams, V =volume, cc. 
Concentration of Dilute Solution: 
C = C(undiluted solution) x V(undiluted solution) 
V(undiluted solution) + V(total solvent added) 
Viscosity Calculat ion: 
. 'rJ.;p = At - B/t 
I 
where A-= 0.003807, B = 2.610. 
For C = 3.4456 g/dl t = 1225.97 sec 
Y = ~If = 4.665 centistokes , f = 0. 7786 g/cc, 
1/. = 3. 632 centipoises' ns;c = 0. 8969 dl/ g . 
Int~insic Viscosity and the Huggins Constant . Th ese 
are calculated by a least squares analysis of the linear · 
portion of the da ta assuming no error in the concentration: 
. . [Y! J ~ (~)~ ~ c: -~ C-4· 2 C~· ( ~ )~· 
a = ~ntercept = 't.. = ll. :r ct ·- ( 2" C · ) z. 
~~· r(~t n ~ ~A-¥L· b = s l opa = 
t 2 C.: ) ~ - rz ~ c/· 
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The data used for t he least squares line can be 
analyzed to get standard deviations for the intercept and 
slope by means of the the following equations(42 ): 
LXY" - ~x 'E..y/n = ~·x y (24) 
l:x2 - (~x)2/n = z•x2 (25) 
~y2 - (1:y)2/n .= z_ty2 (26) 
~·y2 A2 
- bl:.'x y = ~·y (27) 
!•~2/(n- 2) = s2 (y) (28) 
s 2 (a) = s2 (~) z.x2 I ( n :z •x2 ) (29) 
s 2 (b) = s2 (y )/ :E 'x2 (30) 
At the 95% confidence level for n - 2 degrees of 
freedom: 
Interval for s1o~e = t x s(a) 
Interval for intercept = t x s(b) 
For the data of s ample C in cyclohexane from Table X: 
·n = 9 
r.'rf /C = Iy = 5.47171 
sp 
~c = ~x = 6 . 38814 
~c2 . = 2x2 = 5 . 67656170 
l(~ p/C) 2 = Zy2 = ).9992010 
L' xsy = 0 . 11541780 ; ~x2· = 1.14230260 
~·y2 = 0.01178470 ; ~·y2 = 0.00012293 
s 2 (y) = ·0 . 00001756 ; s2 (b) = 0 . 00001537 
s2 (a) = 0 . 00000970 t = 2.365 (nJ .= 0 .5 36 ; slope = 0.1010 
k' = 0.351 
Standard deviation of (I'LJ = 0. 003 dl/ g 
Standard deviation of slope = 0.0039 
95% confidence interval of (rLJ = 0. 007 
95% confidence interval of slope = 0.0093 
Confidence range fork': 
k' 
max 
= slope + 95% confidence interval 
C[~J - 95% confidence interval) 2 
slope - 95%tconfidence interval k' . = _...;~---~---------------
mJ.n CU1.] + 95,~ confidence interva1) 2 
k'max = 0 . .3'95 
k ' = 0.312 min 
54 
55 
XIII. APPENDIX V 
VISCOSITY-CONCENTRATION DATA 
Tables VIII through XV present the viscosity-concen-
tration data for all four samples of polyisobutylene in 
0 0 cyclohexane at 25.00 C and benzene at 24.00 C. Also 
included are the calculated coordinates used to plot figures 




VISCOSITY CONCENTrtATION DATA OF POLYISOBUTYLENE A 
IN CYCLOHEXANE AT 25 . 00°C 
c C/C0 Ylsol t1c \Pic (rt_] CM0. 68 
g/dl centipoise dl/g 
0 . 0319# 0.114 1 . 002 4.054 1 . 056 389 
0 . 0368# 0. 131 1 . 024 4 . 201 1.094 450 
0. 0438# 0.156 1 . 047 4.119 1. 073 ... 535 
0. 0546* 0.194 1.084 4.078 1.063 666 
0 . 0657* 0.233 1.128 4.134 1 . 077 801 
0.0835* 0 . 297 1.;198 4. 205 1.096 1,020 
0 .106·9* 0.380 1.296 4. 315 1.125 1,310 
0 .1349* 0 .479 1.418 4.436 1.156 . 1,650 
0.1774* 0. 630 1.617 4.638 1.209 2~160 
0.2164* 0 . 769 1 . 807 4 . 795 1 .250 2., 640 
0 . 2782 0 . 990 2.109 4- 954 1.290 3 , 400 
0.3155 1 . 123 2 . 330 5.157 1.343 3 , 850 
0.3626 1.290 2 . 624 5·.402 1.407 4,420 
0.4141 1.474 .. 2.976 5.691 1.482 5,050 
0.4590 1.633 3.315 5 . 964 1.553 5,600 
0.5065 1.802 . 3.692 6.247 1.627 6,190 
0.5784 2. 058 4·.301 6.656 1.733 7,050 
0.6419 2.284 4. 895 . . 7 . 041 1.834 7,830 
0.7247 2 . 563 5 .731 7.537 1.963 8,840 
0.8038 2 . 861 6 . 610 8.029 . 2 . 091 9,800 
0.9655 3.436 8.700 9.125 2.376 11 , 800 
1 . 2154 4.325 13.02 11.26 2. 930 14 ,800 
1 . 3219 4.704 14.97 12.01 3.128 16,100 
1.4540 5 .174 . 17.77 13.10 3. 411 17,700 
# low concentration deviat~ng points 
* linear region used for calculating ULJ and k' 
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Table IX 
VISCOSITY CONCENTRATION DATA OF POLYISOBUTYLENE B 
IN CYCLOHEXANE AT 25.00°C 
c C/C 0 Ylsol 1s/C 16 /C CV CM0. 68 
g/dl centiEoise dl/g 
I 
0.2394* 0.112 1.006 0 . 5547 1 . 028 421 
o. 2862* 0 . 143 1.034 . 0 . 5736 1.063 503 
0 . 3669* 0.183 1.077 0.5807 1 . 076 647 
o. 4401 * 0 . 220 l . l16 0.58~5 1 . 081 781 
0.?425* 0 . 271 1 . 513 0.58 5 1. 091 906 
0 . 6279* 0 .314 1.220 0.5965 1.106 1,110 
0.7673* 0.383 1.302 0.6072 1 . 125 1 , 350 
1 . 0406* 0 . 520 1.478 0 . 6389 1.184 1,830 
1 . 3068* 0. 653 1 . 661 0 . 6662 1 . 235 2,300 
1 . 6500 0 . 824 1 . 917 0.7026 1.302 2,910 
2.1406 1.070 2 .. 317 0 . 7521 1 . 394 3,770 
2.4704 1 . 234 2 . 593 0 . 7772 1.441 4,350 
2 . 8249 1 . 411 2 . 933 0 . 8154 1.511 5,000 
3. 2462 1 . 622 3. 383 0 . 8657 ·.l .b04 5 ,710 
3.3564 1.677 }. 481 o. 8702 1 .613 6,270 
* linear region used for calculating t1LJ and k ' 
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Table X 
VISCOSITY CONCENTRATION DATA OF POLYISOBUTYLENE C 
IN CYCLOHEXANE AT 25.00°C 
c C/C0 tl sol " 1/.s.;c il.s.;c 01.] CM0.68 
g/d1 centipoise d1/g 
0.2989* 0 . 148 1.038 0 . 5670 1.057 523 
0.3439* 0.171 1.060 0.5635 1 .• 051 601 
0.4131* 0.205 1.102 o. 5823 1. 086 723 
0.5059* 0 . 251 1.153 0 . 5902 1.101 972 
0.6211* 0.308 1 . 218 0.5981 1.115 1,090 
0.7528* 0.374 1.300 0.6170 1;151 1,320 
0.9077* 0.451 1 . 392 o. 625 9 1.167 1,510 
1 .1536* 0.573 1.553 0.6494 1.211 2 , 020 
1.3911* 0.691 1.726 0. 6183 1.265 2,440 
1. 5987 . o. 794 1;88.3 0. 7009 1.307 2,790 
1.9144 o. 951 2 .138 0 . 7355 1.372 3,350 
2 . 2613 1.123 2.439 0.7726. 1.441 3,960 
2 . 8093 1. 395 2 . 968 0.8341 ~.555 5,090 
3.2427 1.610 3. 4·18 0.8788 ' 1. 639 5,680 
3. 4456 1.711 3.632 0 . 8969 1.673 6 ,030 
* linear region used ~or calculating (~) and k ' 
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Table XI 
VISCOSITY CONCENTRATION DATA OF POLYISOBUTYLENE D 
IN CYCLOHEXANE AT ~5.P0°C 
c C/C0 yt·so1 - . (/_s/C YL ;c cn.J 
- s . 
CM0 . 68 
g/dl centipoise · d1/g 
0. 43 36# 0 . 077 0.969 0.2113 1.095 268 
o. 4855# 0.087 0.975 0.2027 1.050 301 
0.58l4fl 0.104 0.996 0~2098 1.087 360 
0.7282# .0 .130 1.024 0.2097 1.087 451 
0 . 9668* 0.173 1.066 0.2073 1.075 599 
' 
1.3041* 0.233 1.128 o. 2077 1.077 807 
1.6256* 0 . 290 1.203 0 . 2180 •• 130 1,010 
2.1505* 0.384 1.315 0.2235 1.159 1,330 
2.6865* 0.480 1.439 0.2311 1.198 1 ' 660• 
3.5489* 0.634 1.649 0.2417 1.253 2,2~0 
4.1154* 0.735 1.804 "0.2503 1.299 2,550 
4.7124* 0 . 842 1.972 0.259 1.~43 2' 920 
# low concentration deviating points · CYl] 
* linear r egion used for oa1culating and k' 
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Table XII 
VISCOSITY CONCENTRATION DATA OF POLY-ISOBUTYLENE A 
IN BENZENE AT 24.00°C 
c C/C 0 ~s~l · Yls.;c 'fl.slc C!l] 
g/dl centipoise dl/g 
0 . 2001* 0.187 0'. 7 488 1 .188 1.177 
0 . 2305* 0 . 216 0. 7781 1.242 1.230 
0 . 2618* 0 . 245 0. 8079 1.281 .. 1.269 
0 . 2898* 0.271 0.8369 1.323 1..311 
0.3280* 0.307 o. 8708 1 . 340 1~ 327 
0 . 3620* 0 .339 .0. 9019 1.356 1.343 
0 . 4199* 0. 393 0.9600 1.398 1 . 385 
0.4735* 0.443 1. 022 1.455 1. 441 
0.5447 0.509 1.124 1.576 1.561 
o. 6460. 0.604 1 . 268 1.697 1.680 
0 •. 7423 0 . 694 1.487 1.964 1. 945 . 
0 . 86.32 0.807 J. . 751 2.194 2.173. 
0.985 0 0.921 2.054 2. 432 2. 409 
1.1614 1.086 2.594 2. 831 2. 804 
1.3827 1 . 293 3 ~ 578 3. 555 3.521 
1.6319 1.526 5. 079 4. 533 4.489 
1 . 9535 1.826 7.896 6.170 6.111 
2 . 4348 2. 276 14.37 9. 345 9. 255 
* linear region used for calculating ou and k ' 
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Table XI II 
VISCOSITY CONCENTRATION D!~TA OF POLYISOBUTYLENE B 
IN :BENZENE AT . 24. 0.0°C 
c C/C 0 Ylsol Yls;c· r[sp/C (1LJ 
g/d~ centipoise dl/g 
o. 5019# 0 .119 . o. 6919 0. 2864 1.114 
0 . 55 31# 0 . 132 0.7018 0 . 2895 1.126 
0. 6423'* 0 . 153 0 . 7157 0. 2850 1.109 
o. 7504"* 0 .179 0 . 7364 0 . 2897 1.127; 
0.8945* 0 . 213 0 . 7641 0 . 2945 1.146 
1 . 0929* 0 . 260 0 . 8048 0 . 3023 1.176 
1 . 3279* 0 . 316 0 . 8563 0. 3130 1. 218 
1 . 5473* 0. 368 0. 9083 0.3241 1.261 
1 . 8914 0.450 0 . 9955 0. 3413 1.328 
2 .1680 0. 516 1.070 0 . 3543 1 . 378 
2 . 6235 0 . 624 1.205 0 . 3779 1.470 
3.2555 0. 775 . 1. 420 0. 4138 1 . 610 
3.8525 0 . 917 1. 65.2 0 . 4495 1 . 799 
.:t- . 4255 1 . 053 1.908 0. 4866 1. 893 
4.9284 1.173 2.151 o. 5185 2.017 
# low concentration deviating points 
* l inear r egion used for calculating CYLJ and k' 
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Table XIV 
VISCOSITY CONCENTRATION DATA OF POLYitOBUTYLENE C 
.IN BENZENE AT 24 . 00°C 
c C/C 0 ll. lf.s/C 1?.8 /C CYL] . sol 
g/dl ce·ntipoise dl/g 
0 . 5877* 0.140 o. 7059 0. 2839 1 . 106 
0,6986* 0. 166 0. 7270 0. 2889 1 . 126 
0. 8139* 0 . 193 0.7499 0. 2946 1 . 148 
~ o. 9286it 0. 221 0.7732 0 . 2995 1 . 167 
1 . 0663* 0 . 253 0 . 8032 0. ) 074 1. 198 
1 . 2206~:- 0. 290 0 . 8362 0. 3133 1. 221 
1 . 4068* . o. 334 0.8788 0. 3218 1 . 254 
1 . 5812 0 . 376 0 . 9214 0. 3309 1.289 
1 . 8648 0 . 443 0. 9928 0. 3438 1 . 340 
2 . 2961 0 . 546 1·. 112 0. 3S48 1. 422 
2 . 8098 0.668 1 . 271 0 . 3921 1 . 528 
.3. 3120 0.787 1 . 450 0. 4217 1 . 643 
3 .• 7747 0 . 897 1 . 633 0. 4501 1 . 754 
4.6941 1 . 115 2 . 066 0 . 5144 2.046 
5 . 6188 1 . 335 2 . 595 o. 5855 2 . 274 
6 . 2332 1 . 481 3 . 005 0. 6364 2. 472 
* linear r egion used for c~lculating (~J and .k ' 
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Table XV 
VISCOSITY CONCENTRA~ION DATA OF POLYISOBUTYLENE D 
IN BENZENE AT 24.00°C 
c C/C0 Ylsol Yl_ /C YL /C UtJ sp sp 
g/dl centipoise dl/g 
0.6826* 0 . 070 . o. 6526 0.1153 1. 049 
0 . 8775* 0 . 089 0.6676 0. 1180 1 . 074 
1 . 0976* 0 . 112 0. 6849 0 . 1199 1.091 
1 . 43l9* 0 . :!.46 0. 7110 0. 1224 1.114 
1 .734..3* 0 .177 0. 7356 0.1245 1.133 
2 . 0927* 0 . 213 0. 7727 0 .1325 1.206 
2.7523* 0.280 0 . 8259 0 .1327 1.208 
3.4877 0.355 0. 8986 0.1392 1.267 
4.4896 0 . 457 1.007 0 .1479 1 . 346 
5 . 7502 0 .585 1.162 0.1602 1 .457 
6.9704 0 . 709 1.331 0 . 1723 1. 568 
* linear region used for calculating (~] and k ' 
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